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Intricate associations between rhizosphere microbial communities and plants play a critical role in developing and maintaining of soil ecological functioning. Therefore, understanding the assembly patterns of rhizosphere microbes in different plants and their responses to environmental changes is of great ecological implications for dynamic habitats. In this study, a developing mid-channel bar was employed in the Yangtze River to explore the assembly processes of rhizosphere fungal communities among various plant species using high-throughput sequencing-based null model analysis. The results showed a rare significant variation in the composition and alpha diversity of the rhizosphere fungal community among various plant species. Additionally, the soil properties were found to be the primary drivers instead of plant species types. The null model analysis revealed that the rhizosphere fungal communities were primarily driven by stochastic processes (i.e., undominated processes of ecological drift), and the predominance varied with various plant species. Moreover, the assembly processes of rhizosphere fungal communities were significantly related to the changes in soil properties (i.e., soil total carbon, total nitrogen, organic matter, and pH). The co-occurrence network analysis revealed that many keystone species belonged to unclassified fungi. Notably, five network hubs were almost unaffected by the measured soil properties and aboveground plant traits, indicating the effect of stochastic processes on the rhizosphere fungal community assembly. Overall, these results will provide insights into the underlying mechanisms of fungal community assembly in the rhizosphere soils, which are significant for maintaining the functional stability of a developing ecosystem.
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Introduction

Plant-microbe associations are essential for plants to successfully colonize and subsequently thrive in natural ecosystems, especially in developing habitats, which is crucial for ecosystem stability and functioning (Zhalnina et al., 2018; Hong et al., 2022; Ye et al., 2022). For instance, plants can regulate the associations between plants and soil microorganisms to resist environmental stress by producing various metabolites (Zhalnina et al., 2018; Hong et al., 2022). These associations are reinforced in the rhizosphere, where microorganisms play a predominant role in shaping plant community and productivity by enhancing nutrient acquisition, resource utilization, and stress resistance (Cantarel et al., 2015; Wei et al., 2020). Notably, soil fungi consisting of essential components of rhizosphere microbial diversity play a major role in driving critical biogeochemical cycles in rhizosphere soils, such as organic matter (OM) decomposition (Brundrett and Tedersoo, 2018). As such, the composition of rhizosphere fungal communities has a significant effect on complex associations among plants, microbes, and soil properties (Zhalnina et al., 2018).

Determining the effects of stochastic processes (i.e., homogenizing dispersal, dispersal limitation, and undominated processes) and deterministic processes (i.e., homogeneous and variable selection) on the assembly processes of the microbial community can reveal the structure and function of microbial community (Stegen et al., 2012; Powell et al., 2015; Shi et al., 2020). So far, the assembly processes of soil microbial communities have been extensively explored in various ecosystems, including grassland (Ji et al., 2020), orchard (Zheng et al., 2021), cropland (Jiao and Lu, 2020b), forests (Qin et al., 2022). Additionally, many studies have reported the responses of these assembly processes to different circumstances, such as hydrocarbon contamination (Potts et al., 2022), land cover alternation (Zhao et al., 2022), long-term fertilization (Shi et al., 2020), wildfire (Qin et al., 2022). However, the assembly processes of the microbial communities in a developing habitat have not been fully elucidated yet.

The predominance of stochastic and deterministic processes in microbial community assembly is regulated by several biotic and abiotic factors (Zheng et al., 2021; Shi et al., 2022; Zhao et al., 2022). Previous studies have reported that the relative contributions of those assembly processes were driven by the changes in soil pH (Jiao and Lu, 2020b), OM (Dini-Andreote et al., 2015; Zheng et al., 2021), inorganic nitrogen (Wan et al., 2021; Zhao et al., 2022), and available sulfur (Jiao and Lu, 2020a). Additionally, plant growth period (Zhao et al., 2022), foliar insect (Shi et al., 2022), and microbial substrate preferences (Zhalnina et al., 2018) could alter the assembly processes by governing soil microbial communities. However, the effect of plant species on the assembly processes of the rhizosphere microbial community, especially the fungal community, is still unclear. This understanding of the functional establishment and maintenance of a developing ecosystem is of great significance.

The present study focused on the mid-channel bar ecosystems existing in the form of islands surrounded by river water (Wen et al., 2020), which are vital for river channel stability and provisioning the ecosystem biodiversity and habitat (Tabacchi et al., 2009; Lou et al., 2018; Tonkin et al., 2018). The mid-channel bars are under long-term perturbation of water level fluctuation and sedimentation triggered by natural river regimes, inducing their geomorphic characteristics in the developing state (Hooke and Yorke, 2011). This study aimed to reveal the assembly processes and underlining driving factors of fungal communities in rhizosphere soils of different plant species in a mid-channel bar using high-throughput sequencing-based null model analysis. In our previous study, no significant difference was observed in the rhizosphere bacterial communities among different plant species (Ye et al., 2022). It was hypothesized that (i) plant species have no significant effect on the structures of rhizosphere fungal communities in the mid-channel bar; (ii) stochastic processes dominate the assembly of rhizosphere fungal communities.



Materials and methods


Description of the study site

In this study, a mid-channel bar (Taipingkou: 30°30′ N, 112°13′ E) located at the middle reaches of the Yangtze River was selected as to investigate the assembly processes of rhizosphere fungal communities (Figure 1). The mid-channel bar formed in the last 50 years is regarded as a newborn, which has the tendency to move downstream continuously due to constant flow erosion and sediment deposition at the head and tail, respectively (Wang et al., 2015; Wen et al., 2020). As a sandy bar in the middle of the river channel (Wang et al., 2015), Taipingkou is relatively less affected by anthropogenic pollution inputs. However, it is more influenced by the changes in the hydrological regime and sediment deposition caused by the upstream dam operation. The detailed climatic conditions of the study area can be found in the previous article (Ye et al., 2022).
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FIGURE 1
Location of the study site, Taipingkou mid-channel bar, in the upper Jingjiang section of the Yangtze River. Blue arrows indicate the flow direction of the Yangtze River. Yellow capital letters and numbers indicate the positions of the sampling quadrats in the transverse and longitudinal directions, respectively. Squares with different color represent the type of dominant plant species exists in each quadrat.




Quadrat delineation and plant survey

Quadrat delineation and rhizosphere soil collection were performed during a survey on 26 May 2019. Along the mid-channel bar, 5 × 5 m quadrats were setup, which were uniformly distributed in 50 × 50 m sampling grids with a 25-m interval in between (Supplementary Figure 1). A total of 20 quadrats from three elevation-based transects were selected for plant survey and rhizosphere soil collection, including eight quadrats for transect one, seven quadrats for transect two, and five quadrats for transect three (Figure 1). In each sampling quadrat, the above-ground traits, including the number and coverage of each plant were recorded. The species-specific height of each plant was obtained by measuring the five randomly selected individuals. The importance value of each plant was calculated based on its relative height, frequency, and coverage (Ye et al., 2022). The dominant plants in each sampling quadrat were identified according to their importance values.

Five dominant plant species (Phragmites communis, Cynodon dactylon, Hemarthria altissima, Phalaris arundinacea, and Triarrhena sacchariflora) were confirmed across the sampling quadrats (Figure 1 and Supplementary Figure 2). P. communis, C. dactylon, H. altissima, P. arundinacea, and T. sacchariflora was dominant in four, four, seven, twelve and three quadrats, respectively. The values of above-ground traits (i.e., height, richness, coverage, and importance value) of these five plant species are presented in Supplementary Figure 2. Later, the importance value was calculated as the average of the sum of relative height, frequency, and coverage (Ye et al., 2022).



Rhizosphere soil sampling

The rhizosphere soil samples were collected according to a previously reported method (Ye et al., 2021). Briefly, five plants of the same species were randomly selected and carefully removed from each quadrat. Soils loosely attached to the roots were gently shaken off. Soils tightly adhered to the roots were regarded as rhizosphere soils, and extracted using saline phosphate buffer. The rhizosphere soils of the same plant species in each quadrat were thoroughly mixed to form a composite sample.

The resulting 30 composite rhizosphere soils were subsequently divided into two parts and either stored at −20°C for DNA extraction or at 4°C for physicochemical analysis. The physicochemical property values of rhizosphere soils are presented in Supplementary Figure 2.



DNA extraction, sequencing, and data processing

About 0.25 g of the rhizosphere soil from each composition sample was used to extract the DNA following the protocol of the DNeasy PowerSoil Kit (Qiagen, Hilden, Germany). The quality of the DNA was checked by 1% (w/v) agarose gel electrophoresis, and the concentration of the DNA was determined by a NanoDrop Lite Spectrophotometer (Thermo Scientific, Waltham, USA). The extracted DNA was stored in a −80°C refrigerator for subsequent analysis.

The fungal ITS gene was amplified by the polymerase chain reaction (PCR) using primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′)/ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′) (Adams et al., 2013). The PCR products were purified using an AxyPrep DNA Gel Extraction Kit (Axygen, Union City, USA). The purified amplicons were then pooled in equimolar and paired-end sequenced on an Illumina MiSeq PE300 platform (Majorbio Bio-Pharm Technology Co., Ltd., Shanghai, China).1 The raw sequence data were demultiplexed and quality-filtered using Trimmomatic (v. 0.30) (Bolger et al., 2014). The operational taxonomic units (OTUs) were identified at 97% sequence similarity using USEARCH (v. 7.0).2 The fungal taxonomy was analyzed via the ribosomal database project (RDP) using the UNITE 8.0 database.3 The sequences in each sample were filtered to an equal sequencing depth based on the fewest sequence reads to compare the samples. Alpha diversity indices, such as Sobs, Shannon diversity, Heip’ evenness, and Phylogenetic diversity, were calculated using Mothur (v. 1.30.1). PCR, sequencing, and data processing were conducted according to a previously reported method (Ye et al., 2021).



Null model analysis

A null model approach based on two indices of β-nearest taxon index (βNTI) and raup-crick index (RCI) was introduced to determine the assembly processes of soil fungal communities in different plant species. These two indices were calculated by the “picante” package in R v. 4.0.5 (Wan et al., 2021; Zhao et al., 2022). A βNTI value > 2 or < −2 indicates the dominance of deterministic processes (i.e., variable selection and homogeneous selection) on the assembly of a given microbial community. Similarly, the βNTI value < −2 suggests the effect of homogeneous selection and > 2 variable selection (Stegen et al., 2015). The value of βNTI ranging from −2 to 2 indicates the primary effect of stochastic processes (i.e., dispersal limitation, homogenizing dispersal, and undominated processes). The dispersal limitation is often regarded as the main driver of the community assembly with an RCI value larger than 0.95, while the homogenizing dispersal is identified as the primary contributor with an RCI value smaller than −0.95. Additionally, the RCI value ranging from −0.95 to 0.95 indicates the effect of undominated processes (Stegen et al., 2015).



Co-occurrence network analysis

The potential associations between rhizosphere fungal communities were explored by the co-occurrence network analysis. The network was constructed based on the random matrix theory (RMT) using the molecular ecological network analysis pipeline (MENA)4 at an OTU level. Only OTUs present in 10 samples (one–third of the total samples) were retained based on the rarefied fungal OTU abundance table. Subsequently, the relative abundance data of OTUs were uploaded into MENA to conduct network analyses with the default settings and recommended cutoff threshold of 0.81 (Zhou et al., 2011; Deng et al., 2012; Ye et al., 2021). Visualization and layout of the network were performed based on the Fruchterman-Reingold algorithm using Gephi 0.9.2 (Bastian et al., 2009). The topological properties of the constructed network were calculated to describe the associations between the fungal taxa (Ma et al., 2016). Moreover, 1,000 Erdös–Réyni random networks were generated on the pipeline with an identical number of nodes and edges as the constructed network. The potential ecological role of each node in the network was confirmed based on the threshold of within-module connectivity (Zi) and among-module connectivity (Pi) at 2.5 and 0.62, respectively (Deng et al., 2012; Wang et al., 2020; Ye et al., 2021). Furthermore, the nodes highly connected to other nodes in a module were defined as the module hubs with Zi > 0.25 and Pi < 0.62; the nodes connected to different modules were defined as the connectors with Zi < 0.25 and Pi > 0.62; the nodes acting as a module hub and a connector were defined as the network hubs with Zi > 0.25 and Pi > 0.62 (Zhang et al., 2021).



Statistical analyses

The statistical significances of dominant genera (relative abundance > 1% of the total sequences) and alpha diversity indices (i.e., Sobs, Shannon diversity, Heip’s evenness, and Phylogenetic diversity) of rhizosphere fungal communities among different plant species were determined by one-way analysis of variance (ANOVA) based on the least significant difference (LSD) using SPSS Statistics 20.0 (IBM, USA). The community distribution of rhizosphere fungi was assessed by the principal co-ordinates analysis (PCoA) based on the Bray–Curtis distance using CANOCO 5 software (Ter Braak and Šmilauer, 2012). The significant differences between rhizosphere fungal communities among different plant species were determined by analysis of similarity (ANOSIM) using R v. 3.5.1 with “vegan” package. The relationship between alpha diversity indices and environmental factors and the aboveground plant traits were determined by Spearman’s correlations using SPSS Statistics 20.0 (IBM, USA). The relationships between the fungal community composition and environmental factors, aboveground plant traits were explored by R v. 4.0.5 with “ggcor” package. The Pearson correlation coefficient was conducted in Origin 2022 (OriginLab, USA).



Accession numbers

The raw sequencing data have been deposited in the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA)5 under the accession number PRJNA903773.




Results


Composition, diversity, and impact factors of rhizosphere fungal community

A total of 1,934,139 high-quality sequences were acquired from 30 rhizosphere soils. These sequences were resampled to an even sequence depth of 41,749 across all samples based on the lowest sequence of samples. Subsequently, 4,615 OTUs were identified based on the rarefied sequences with 97% similarity. Among the dominant fungal genera (sequences accounting for more than 1% of the total sequences of all samples), Alternaria and Epicoccum were the two most abundant taxa, accounting for 18.1 and 15.2% of the total sequences, respectively (Figure 2A). The relative abundance of Alternaria in rhizosphere of C. dactylon was significantly higher than that in rhizosphere of H. altissima (one-way ANOVA, P < 0.05), and not significantly different from that of P. communis, P. arundinacea, and T. sacchariflora (one-way ANOVA, P > 0.05; Figure 2A). The relative abundance of Epicoccum in rhizosphere showed no significant difference among different plant species (one-way ANOVA, P > 0.05; Figure 2A).
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FIGURE 2
Fungal communities in rhizosphere soils. (A) The dominant fungal genera (sequences accounting for > 1% of the total sequences of all samples) and (B) alpha diversity indices of fungal communities in rhizosphere soils across different plant species. Different lowercase letters indicate significant differences among different plant species at 0.05 level of significance based on one-way analysis of variance (ANOVA) with least significant difference (LSD) multiple comparisons. Pc, P. communis; Cd, C. dactylon; Pa, P. arundinacea; Ha, H. altissima; Ts, T. sacchariflora. (C) Principal co-ordinate analysis (PCoA) of rhizosphere fungal communities at operational taxonomic unit (OTU) level based on Bray–Curtis distance. Analysis of similarity (ANOSIM) of rhizosphere fungal communities among different plant species based on Bray–Curtis distance with 999 permutations. (D) Correlations of fungal community diversity and composition with soil environmental factors and aboveground plant traits. Spearman’s correlations were performed between alpha diversity indices, soil environmental factors and plant traits. Mantel tests were executed between fungal community composition and soil environmental factors and plant traits. FP, flooding probability; Cove, coverage of plant species; IV, importance value; Rich, richness of plant species; Type, type of plant species.


The alpha diversity indices (i.e., Sobs, Shannon diversity, Heip’s evenness, and Phylogenetic diversity) of rhizosphere fungal communities did not exhibit significant differences among different plant species (one-way ANOVA, P > 0.05; Figure 2B). Exceptionally, significant differences were found between the Sobs and Phylogenetic diversity of H. altissima and P. arundinacea with higher values in the rhizosphere of H. altissima (one-way ANOVA, P < 0.05; Figure 2B). The Sobs and Phylogenetic diversity indices of rhizosphere fungal communities showed significant positive correlations with rhizosphere soil variables of total nitrogen (TN), OM and the aboveground plant trait of richness, but were negatively correlated with soil pH and the aboveground plant trait of importance value (Spearman’s correlations, P < 0.05; Figure 2D).

The PCoA showed an unorganized distribution of rhizosphere fungal communities across different plant species (Figure 2C). The ANOSIM confirmed that there was no significant difference in the rhizosphere fungal communities among different plant species (P > 0.05; Figure 2C). Mantel tests showed that the rhizosphere fungal communities were significantly positively correlated with the rhizosphere soil variables of pH, TN, and total carbon (TC) (P < 0.05; Figure 2D).



Assembly processes of fungal communities in the rhizosphere

In the middle-channel bar, the community assembly of rhizosphere fungi was dominated by the stochastic processes (85.3%), with the contribution of undominated processes and dispersal limitation being 54.5 and 30.1%, respectively (Supplementary Figure 3). Among different plant species, the undominated processes had greater contributions of 52.6, 60.3, 41.9, 62.4, and 47.1% to the fungal community assembly in the rhizosphere of P. communis, C. dactylon, H. altissima, P. arundinacea, and T. sacchariflora (Figure 3). Compared with undominated processes, dispersal limitation contributed most to the fungal community assembly in the rhizosphere of H. altissima (47.8%) and T. sacchariflora (52.9%) (Figure 3). Moreover, the homogeneous selection of deterministic processes exhibited indispensable effects on fungal community assembly in the rhizosphere of P. communis (15.5%), C. dactylon (22.4%), and P. arundinacea (17.8%).
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FIGURE 3
Assembly processes of rhizosphere fungal communities from different plant species. The assembly processes were identified based on two indices of β-nearest taxon index (βNTI) and raup-crick index (RCI). Variable and homogeneous selection belong to deterministic processes; dispersal limitation, homogenizing dispersal, and undominated processes are affiliated to stochastic processes.


The relationships of the βNTI of rhizosphere fungal communities with soil environmental factors and aboveground plant traits were determined to reveal their impacts on the assembly processes of fungal communities. The changes in rhizosphere soil environmental variables of TC, TN, OM, and pH had significant positive correlations with the pairwise comparisons of βNTI (Figure 4). This result suggested that an increasing discrepancy in these soil environmental variables promoted the effect of stochastic processes on the community assembly of rhizosphere fungi. Moreover, the change in aboveground plant traits of height was significantly positively correlated with βNTI (Figure 4). In contrast, the changes in flooding probability of sampling sites and aboveground plant traits of importance value showed significantly negative correlations with βNTI.
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FIGURE 4
Linear regressions between βNTI of rhizosphere fungal community and changes in soil environmental factors and aboveground plant traits. Only significant relationships are exhibited based on analysis of variance (ANOVA) at 0.05 level of significance. R values represent Pearson correlation coefficients. Dotted lines indicate the βNTI significance thresholds of –2 and +2.




Co-occurrence pattern of rhizosphere fungal community

A molecular ecological network composed of 141 nodes with 441 edges (Figure 5A) was constructed based on the RMT to reveal the co-occurrence pattern of the rhizosphere fungal community. The distribution of node degrees for the constructed fungal network showed a scale-free power-law network property (R2 = 0.832; Supplementary Figure 4), indicating a non-random structure of the constructed network. Additionally, the values of average path distance (2.667 vs. 2.393) and modularity (0.274 vs. 0.261) were higher than those of the respective randomized network (1,000 Erdös–Réyni), revealing the small-world properties and modular structure of the constructed network. The fungal network was dominated by Ascomycota accounting for 63.8% of the total nodes, followed by unclassified fungi (14.2%) (Figure 5A).
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FIGURE 5
(A) The co-occurrence network of rhizosphere fungal community at operational taxonomic unit (OTU) level based on random matrix theory (RMT). The nodes in the network represent OTUs, and the size of each node is proportional to the corresponding node degree (number of connections). The nodes are colored by fungal phylum. The red and blue lines, respectively, indicate positive and negative correlations between any two OTUs. (B) The Zi-Pi plot reveals the distribution of OTUs of rhizosphere fungal community based on the topological properties.


Based on the within-module connectivity (Zi) and among-module connectivity (Pi) of individual taxa within the constructed network, a total of 5, 1, and 51 nodes were identified as the network hubs, module hubs, and connectors, respectively (Figure 5B and Supplementary Table 1). All of these nodes could be regarded as the keystone species in structuring the rhizosphere fungal communities. Nearly half of the keystone species (47.4%) were affiliated to the unclassified fungi at the class level (Supplementary Table 1). Noteworthily, most connectors showed significant correlations with soil TN, OM, and pH, whereas the network hubs and module hubs were not significantly affected by the measured rhizosphere soil environmental variables and aboveground plant traits (Supplementary Table 2).




Discussion

In this study, the rhizosphere fungal communities did not show significant differences among different plant species in the mid-channel bar. As the two most abundant fungal genera, Alternaria showed a significantly higher relative abundance in the rhizosphere of C. dactylon than that of H. altissima, while Epicoccum showed no significant difference among different plant species (Figure 2A). Alternaria genus is a group of ascomycete fungi including both pathogenic and saprophytic species, and can secrete various secondary metabolites with effective mycotoxins (Dang and Lawrence, 2014) and inhibit other microbial growth (Si et al., 2018). This was consistent with our previous study, reporting that the rhizosphere of C. dactylon harbored significantly lower relative abundance than that of H. altissima in the most abundant bacterial genus Pseudarthrobacter (Ye et al., 2022).

Though many studies have reported the species-specific selection of rhizosphere microbial communities by plants through root traits and exudates (Costa et al., 2006; Sweeney et al., 2021; Xiao et al., 2022), soil physicochemical properties were considered to be the primary factors affecting rhizosphere fungal community than plant species type (identity) in some studies (Singh et al., 2007; Chen et al., 2019). Soil can regulate the rhizosphere microbial community; particularly, soil pH and nutrients are regarded as the key factors influencing the structure of the rhizosphere microbial community (Philippot et al., 2013). In this study, the rhizosphere fungal community composition was significantly positively correlated with soil pH and the contents of soil TC and TN (Figure 2D). In contrast, the plant species differentiated in the canopy over, and defense strategies and root exudation might exert more influence on the endosphere than rhizosphere fungal community (Edwards et al., 2015). Moreover, the rhizosphere microorganisms are mostly recruited from the microbial communities in the surrounding soils. Thus, the structure of the rhizosphere microbial community is restricted by the accessible individuals from the species pool of bulk soil (de Boer et al., 2006), making these communities highly dependent on the local environmental conditions around the plant. Notably, the measured plant traits had no significant effect on the rhizosphere fungal community (Figure 2D). This may be attributed to the aboveground plant traits rather than the underground plant traits measured in this study. Previous studies have found that underground plant traits, i.e., root traits, are more important predictors of rhizosphere fungal community composition than aboveground leaf traits (Cantarel et al., 2015; Sweeney et al., 2021). Overall, the compositions of the rhizosphere microbial community are influenced by the intricate associations between the plant species and soil type (Marschner et al., 2001).

Based on the ecological setting in which the assembly processes are engaged, the deterministic and stochastic processes contribute differently to the community assembly (Powell et al., 2015). In this study, the assembly of the rhizosphere fungal community was largely driven by the stochastic processes, wherein the undominated processes contributed the most (Supplementary Figure 3). This result was consistent with the previous study reporting that undominated processes, which means a greater effect of drift in driving community assembly (Stegen et al., 2015), were the most dominant processes for rhizosphere fungal assembly with an average contribution of 79.4–96.3% (Shi et al., 2022). Soil fungi are typically characterized by sporogony, filamentous growth and larger propagules size compared to bacteria (Ingold, 1971; Young, 2007). Spore proliferation helps the fungus release myriad spores against environmental stress (Ingold, 1971). These spores can move around within the environment through physical mediators such as water (Walters et al., 2022). Particularly, the mid-channel bar, a highly permeable sandbar, is more conducive to the widespread distribution of spores through water transmission. The dormancy strategy of fungal communities allows these spores to survive in a new environment and thrive when conditions are favorable (Lennon and Jones, 2011), resulting in negligible environmental effects (i.e., variable selection and homogeneous selection) on the rhizosphere fungal assembly in the mid-channel ecosystem. Therefore, the change in the composition of the rhizosphere fungal community is mainly governed by ecological drift resulting from the fluctuation in population sizes by environmental changes (Stegen et al., 2013).

The differences in the predominance of undominated processes in the assembly processes with plant species could be attributed to the changes in soil properties. Previous studies have reported that soil pH, soil organic carbon, TN, ammonium etc., could significantly affect the assembly processes of soil microbial community (Jiao and Lu, 2020a; Zheng et al., 2021; Zhao et al., 2022). In this study, the βNTI of rhizosphere fungi shared significant associations with the soil pH, OM, TN, and TC. Our previous study has confirmed that the water flooding frequency can change the soil OM accumulation in the mid-channel bar, while low flooding frequency results in the accumulation of nutrients and promotes plant growth (Ye et al., 2022). This phenomenon could be supported by the negative correlation between the βNTI of rhizosphere fungi and water flooding frequency. In contrast, plant growth, affects the enrichment of rhizosphere soil OM by regulating litter inputs and root exudates (Guo et al., 2019). Considering the role of fungi in OM decomposition (Shi et al., 2020), this might explain the influence of soil properties on the assembly of rhizosphere fungal communities. It is noteworthy that the available substrates provided by the plants for rhizosphere fungal communities vary with the growth state of different plant species. This could be demonstrated by the substantial association between the βNTI of rhizosphere fungi and the height of plant species.

Furthermore, the associations between different fungal taxa and the key taxa structuring the assembly of rhizosphere fungal community were explored by the co-occurrence network analysis. In this study, a total of five fungal taxa were identified as the network hubs, suggesting that these taxa had key roles in the rhizosphere fungal community (Deng et al., 2012; Wang et al., 2020). It is noteworthy that these network hubs were almost all unclassified fungi, and had low relative abundances across all rhizosphere soils. Species with low abundance have been defined as rare taxa in numerous studies (Pedrós-Alió, 2012; Shade et al., 2014; Lynch and Neufeld, 2015; Jousset et al., 2017; Jia et al., 2018), which are generally considered to play disproportionate roles in maintaining the structure and function of ecosystems in different habitats (Jia et al., 2018; Wang et al., 2020). Interestingly, these network hubs were largely unaffected by measured abiotic (rhizosphere environmental variables) and biotic factors (aboveground plant traits) (Supplementary Table 2). Overall, these results indicate that these network hubs could remain stable regardless of environmental changes over space and time, which are more likely to be influenced by stochastic dispersal or drift (Stegen et al., 2012; Mo et al., 2018; Zhao et al., 2022).



Conclusion

This study revealed that the differentiation in plants, in terms of both species and associated aboveground traits, had little effect on the rhizosphere fungal community in the mid-channel bar. In contrast, soil properties (i.e., soil TN, TC, OM, and pH) related to the frequency of water flooding were largely associated with the rhizosphere fungal community. However, the assembly of soil fungal communities in the rhizosphere of all tested plant species was mostly governed by the stochastic processes presented by the undominated processes. Notably, the soil properties had significant impacts on the predominance of undominated processes among different plant species. This regulation was mainly due to the effect of soil properties on the ecological drift intensity of fungi species. Additionally, the effect of the physiological properties of fungal species on the community assembly processes was emphasized. Furthermore, some rare unclassified fungal taxa were found to play an indispensable role in the assembly of rhizosphere fungal communities. These species were almost unaffected by environmental variables, indirectly confirming the effects of stochastic processes. Overall, these provide insights into the assembly and drivers of the rhizosphere fungal community, which is valuable for maintaining the functional stability of a developing ecosystem.
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